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Project Lyra — A Mission
to ‘Oumuamua

Project Lyra develops concepts for reaching the interstellar asteroid 'Oumuamua with a spacecraft,

based on near-term technologies. But what is an interstellar asteroid?
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Abstract

The first definitely interstellar object 1I/°?Oumuamua (previously A/2017 U1) observed in our solar system
provides the opportunity to directly study material from other star systems. Can such objects be intercepted?
The challenge of reaching the object within a reasonable timeframe is formidable due to its high heliocentric
hyperbolic excess velocity of about 26 km/s; much faster than any vehicle yet launched. This paper presents
a high-level analysis of potential near-term options for a mission to 1I/’Oumuamua and potential similar
objects. Launching a spacecraft to 1I/’Oumuamua in a reasonable timeframe of 5-10 years requires a
hyperbolic solar system excess velocity between 33 to 76 km/s for mission durations between 30 to 5 years.
Different mission durations and their velocity requirements are explored with respect to the launch date,
assuming direct impulsive transfer to the intercept trajectory. For missions using a powered Jupiter flyby
combined with a solar Oberth maneuver using solid rocket boosters and Parker Solar Probe heatshield
technology, a Falcon Heavy-class launcher would be able to launch a spacecraft of dozens of kilograms
towards 11/°Oumuamua, if launched in 2021. An additional Saturn flyby would allow for the launch of a
New Horizons-class spacecraft. Further technology options are outlined, ranging from electric propulsion,
and more advanced options such as laser electric propulsion, and solar and laser sails. To maximize science
return decelerating the spacecraft at "Oumuamua is highly desirable, due to the minimal science return from
a hyper-velocity encounter. Electric and magnetic sails could be used for this purpose. It is concluded that
although reaching the object is challenging, there seem to be feasible options based on current and near-
term technology.
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Abstract

In October 2017, the first interstellar object within our solar system was discovered. Today designated
11/’Oumuamua, it shows characteristics that have never before been observed in a celestial body. Due
to these characteristics, an in-situ investigation of 11 would be of extraordinary scientific value. Previous
studies have demonstrated that a mission to 1I/’Oumuamua is feasible using current and near-term
technologies however with an anticipated launch date of 2020-2021, this is too soon to be realistic. This
paper aims at addressing the question of the feasibility of a mission to 1I/’Oumuamua in 2024 and
beyond. Using the OITS trajectory simulation tool, various scenarios are analyzed, including a powered
Jupiter flyby and Solar Oberth maneuver, a Jupiter powered flyby, and more complex flyby schemes
including a Mars and Venus flyby. With a powered Jupiter flyby and Solar Oberth maneuver, we identify
a trajectory to 1I/*Oumuamua with a launch date in 2033, a total velocity increment of 18.2 km/s, and
arrival at 1I/’Oumuamua in 2048. With an additional deep space maneuver before the powered Jupiter
flyby, a trajectory with a launch date in 2030, a total velocity increment of 15.3 km/s, and an arrival at
11/’Oumuamua in 2052 were identified. Both launch dates would provide over a decade for spacecraft
development, in contrast to the previously identified 2020-2021 launch dates. Furthermore, the distance
from the Sun at the Oberth burn is at 5 Solar radii. This results in heat flux values, which are of the same
order of magnitude as for the Parker Solar Probe. We conclude that a mission to 11/’Oumuamua is
feasible, using existing and near-term technologies and there is sufficient time for developing such a
mission.
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Here we report the isolation and growth of a
previously unrecognized spore-forming bacterium (Bacillus species,
designated 2-9-3) from a brine inclusion within a 250 million-year-old salt
crystal from the Permian Salado Formation. Complete gene sequences of the
16S ribosomal DNA show that the organism is part of the lineage of Bacillus
marismortui and Virgibacillus pantothenticus. Delicate crystal structures
and sedimentary features indicate the salt has not recrystallized since

formation.
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ABSTRACT

Distant starlight passing through the Earth’s atmosphere is refracted by an angle of just over one
degree near the surface. This focuses light onto a focal line starting at an inner (and chromatic)
boundary out to infinity, offering an opportunity for pronounced lensing. It is shown here that the
focal line commences at ~85% of the Earth-Moon separation, and thus placing an orbiting detector
between here and one Hill radius could exploit this refractive lens. Analytic estimates are derived for
a source directly behind the Earth (i.e. on-axis) showing that starlight is lensed into a thin circular
ring of thickness WHa /R, yielding an amplification of 8 Ha /W, where Ha is the Earth’s refractive
scale height, R is its geopotential radius, and W is the detector diameter. These estimates are verified
through numerical ray-tracing experiments from optical to 30 pm light with standard atmospheric
models. The numerical experiments are extended to include extinction from both a clear atmosphere
and one with clouds. It is found that a detector at one Hill radius is least affected by extinction since
lensed rays travel no deeper than 13.7 km, within the statosphere and above most clouds. Including
extinction, a 1 metre Hill radius “terrascope” is calculated to produce an amplification of ~45, 000 for a
lensing timescale of ~20 hours. In practice, the amplification is likely halved in order to avoid daylight
scattering i.e. 22,500 (Amag=10.9) for W =1m, or equivalent to a 150 m optical /infrared telescope.
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THE BREAKTHROUGH LISTEN SEARCH FOR INTELLIGENT LIFE: PUBLIC DATA, FORMATS,
REDUCTION AND ARCHIVING
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ABSTRACT

Breakthrough Listen is the most comprehensive and sensitive search for extraterrestrial intelligence (SETI) to date,
employing a collection of international observational facilities including both radio and optical telescopes. During the
first three years of the Listen program, thousands of targets have been observed with the Green Bank Telescope (GBT),
Parkes Telescope and Automated Planet Finder. At GBT and Parkes, observations have been performed ranging from
700 MHz to 26 GHz, with raw data volumes averaging over 1 PB / day. A pseudo-real time software spectroscopy suite
is used to produce multi-resolution spectrograms amounting to approximately 400 GBh~! GHz ! beam!. For certain
targets, raw baseband voltage data is also preserved. Observations with the Automated Planet Finder produce both
2-dimensional and 1-dimensional high resolution (R ~ 10°) echelle spectral data.

Although the primary purpose of Listen data acquisition is for SETI, a range of secondary science has also been
performed with these data, including studies of fast radio bursts. Other current and potential research topics include
spectral line studies, searches for certain kinds of dark matter, probes of interstellar scattering, pulsar searches,
radio transient searches and investigations of stellar activity. Listen data are also being used in the development of
algorithms, including machine learning approaches to modulation scheme classification and outlier detection, that have
wide applicability not just for astronomical research but for a broad range of science and engineering.

In this paper, we describe the hardware and software pipeline used for collection, reduction, archival, and public
dissemination of Listen data. We describe the data formats and tools, and present Breakthrough Listen Data Release
1.0 (BLDR 1.0), a defined set of publicly-available raw and reduced data totalling 1 PB.
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The Breakthrough Listen Search for Intelligent Life:
Observations of 1327 Nearby Stars over 1.10-3.45 GHz
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ABSTRACT

Breakthrough Listen (BL) is a ten-year initiative to search for signatures of technologically capable
life beyond Earth via radio and optical observations of the local Universe. A core part of the BL
program is a comprehensive survey of 1702 nearby stars at radio wavelengths (1-10 GHz). Here, we
report on observations with the 64-m CSIRO Parkes radio telescope in New South Wales, Australia,
and the 100-m Robert C. Byrd Green Bank radio telescope in West Virginia, USA. Over 2016 January
to 2019 March, a sample of 1138 stars was observed at Green Bank using the 1.10-1.90 GHz and 1.80-
2.80 GHz receivers, and 189 stars were observed with Parkes over 2.60-3.45 GHz. We searched these
data for the presence of engineered signals with Doppler-acceleration drift rates between +4 Hzs™ 1.
Here, we detail our data analysis techniques and provide examples of detected events. After excluding
events with characteristics consistent with terrestrial radio interference, we are left with zero candidates.
Given the sensitivity of our observations, we can put an upper limit on the power of potential radio
transmitters at these frequencies at 2.1 x 102 W, and 9.1 x 10'? W for GBT and Parkes respectively.
These observations constitute the most comprehensive search over 1.10-3.45 GHz for technosignatures
to date for Kardashev Type I civilizations. All data products, totalling ~219TB, are available for
download as part of the first BL data release (DR1), as described in a companion paper (Lebofsky et.
al.; 2019)
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